Objective. The purpose of this study was to describe a method of 4-dimensional (4D) reconstruction of the cardiac chambers and outflow tracts using a combination of spatiotemporal image correlation, "inversion mode," and "B-flow" imaging. Methods. Spatiotemporal image correlation and the inversion mode were used in the examination of the volume data sets of 23 fetuses with congenital heart anomalies. A subset was also examined with B-flow imaging using the gradient light algorithm. Digital reconstructions from abnormal hearts were compared with a library obtained from fetuses without abnormalities. Results. Rendered images of the 4-chamber view using the inversion mode were characterized by: (1) echogenic chambers; (2) sharp delineation of chamber contours when compared with 2-dimensional (2D) images; and (3) distinct display of the myocardium, interventricular septum, interatrial septum, and mitral and tricuspid valves as anechoic structures. Ventricular septal defects, abnormal differential insertion of the atrioventricular valves, and valve atresia were well visualized with the inversion mode. The application of inversion mode or B-flow imaging to 4D rendering of the outflow tracts resulted in "digital casts" displaying the spatial relationships between the outflow tracts as well as the connections between the great arteries and ventricular chambers. The spatial relationships and communications among cardiac structures cannot be visualized with conventional 2D ultrasonography. Conclusions. The application of spatiotemporal image correlation, inversion mode, and B-flow imaging generates information about the anatomy and pathologic characteristics of the fetal heart (digital casts) that cannot be obtained with 2D fetal echocardiography. We propose that these modalities enhance the information provided by ultrasonographic interrogation of the fetal heart and will improve prenatal diagnosis.
ing techniques. The outflow tracts, for example, can be systematically visualized by multiplanar slicing of volume data sets acquired with a transverse sweep of the 4-chamber view using a reproducible 3-step approach to manipulate the volume data set. 3, 10 Alternatively, 4D reconstruction of the outflow tracts can be accomplished with the use of color and power Doppler, 4, 5, 7 minimum mode, 8 and, more recently, "inversion mode" 9 and "B-flow" imaging. The objective of this study was to report the anatomy of the fetal heart in cases of congenital cardiac anomalies displayed with a novel 4D-rendering method: the inversion mode. This modality allows 4D rendering of cardiovascular structures, with an end result similar to that obtained by postmortem pathologic casts. 12, 13 In addition, we describe the use of B-flow imaging for 4D reconstruction of normal cardiac chambers and great vessels, which has an effect comparable with that of the inversion mode.
Materials and Methods

Study Population
Fetuses with suspected congenital anomalies underwent 4D ultrasonographic examinations between January 2003 and September 2004. Fetuses were included in the study if: (1) a cardiac anomaly was suspected by 2D ultrasonographic examination; (2) volume data sets of the fetal heart were acquired by STIC; and (3) the cardiac anomaly was confirmed either by an independent fetal cardiologist before delivery, or by neonatal echocardiography or autopsy after delivery. Cases of isolated small pericardial effusions and ventricular echogenic foci were not included. Selected volume data sets of 3 fetuses without abnormalities at 21, 25, and 26 weeks were included in the study to illustrate the normal cardiac anatomy by inversion mode and B-flow imaging. All patients underwent 4D ultrasonographic examinations exclusively for research purposes and gave written informed consent before participation. Research protocols were approved by the Institutional Review Boards of the National Institute of Child Health and Human Development (Bethesda, MD) and Wayne State University (Detroit, MI), as well as the Human Investigation Committee of William Beaumont Hospital (Royal Oak, MI).
Volume Acquisition
Volume data sets of the fetal heart were acquired by STIC with either a 2-to 5-or 4-to 8-MHz motorized curved array transducer (Voluson 730 Expert; GE Medical Systems, Kretztechnik, Zipf, Austria). The acquisition technique has been described previously. 3, 4, 8 Briefly, volume data sets were acquired by transverse sweeps through the fetal chest. The region of interest included the ventricular chambers, atrial chambers, and great vessels. The acquisition time lasted between 7.5 and 15 seconds and, whenever possible, was performed in the absence of fetal movement. Patients were also asked to momentarily suspend breathing during the procedure. B-mode imaging was used for volume acquisition throughout the study period, and B-flow imaging has been used since August 2004.
Volume Rendering
Volume data sets were examined offline on 4DView software (version 2.1, Luminary; GE Medical Systems, Kretztechnik). All volume data sets were first visualized with multiplanar slicing, after which 3D rendering was performed with gradient light or a mixture of gradient light plus surface smooth algorithms. The inversion mode was then applied to the volume data sets acquired with B-mode imaging. The inversion mode is a novel post processing tool that inverts the gray scale of the volume voxels. 9, 14 Therefore, anechoic structures such as the heart chambers, vessel lumen, stomach, gallbladder, renal pelvis, and bladder appear echogenic in the rendered images, whereas structures that are normally echogenic before gray scale inversion (eg, bones) appear anechoic. Post processing adjustments were performed as necessary, including gamma curve correction to optimize tissue contrast resolution and gray scale threshold, and transparency to improve image quality. Volumes were rendered by adaptations of 2 previously reported techniques to obtain thick-slice views of the 4 chambers 8 and 4D reconstruction of the outflow tracts. (1) volume data sets were acquired by transverse sweeps through the fetal heart; (2) after acquisition, the volume data sets were displayed by multiplanar slicing; (3) the original plane of acquisition containing the 4-chamber view are displayed in panel A ( Figure 1) ; (4) whenever necessary, the volumes were manipulated until an apical 4-chamber view was displayed (with the use of this initial orientation, panel B represents the sagittal view of the heart, and panel C represents the coronal view); (5) a rendering box with the highest length and lowest possible width was adjusted on panel B; (6) the direction of view (green dotted line on the left of the rendering box) was set to display the 4-chamber view in the anteroposterior projection; (7) the rendering algorithm "gradient light" was selected, and the resulting image is displayed in panel D; and (8) the gray scale of the voxels was then inverted by selecting the inversion mode in the 4DView software, and the split-screen format was selected to display panel A on the left side of the screen and the corresponding rendered image on the right side ( Figure 2 and Video 1).
Three-and 4-Dimensional Reconstruction of the Outflow Tracts
Three-dimensional reconstruction of the outflow tracts was performed as follows 
Descriptive Study of the Inversion Mode for Visualization of Normal and Abnormal Cardiac Anatomy
Thick-slice rendered images of the 4-chamber view in the inversion mode were compared with the corresponding 2D images. Potential advantages and limitations of the inversion mode are described. Reconstructed volume data sets of the outflow tracts in cases of congenital heart disease were compared with a representative example of a normal case. One case of transposition of the great arteries, 1 case of pulmonary atresia associated with tricuspid stenosis, and 1 case of a double-inlet right ventricle have been reported previously by our group, using different rendering techniques for 3D and 4D examination of the fetal heart.
3,4,7-9
Results
Twenty-two fetuses with a confirmed diagnosis of congenital heart disease were included in the study ( Table 1 ). The mean maternal age ± SD was 27.5 ± 7.5 years, and the mean gestational age at the time of ultrasonographic examination was 25.6 ± 5.1 weeks (mean ± SD). 
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Thick-Slice Imaging of the 4 Chambers in the Inversion Mode
Thick-slice imaging of the 4-chamber view with the inversion mode was attempted in cases of ventricular septal defects (VSDs), Ebstein anomaly, hypoplastic right ventricle due to pulmonary atresia, double-inlet single ventricle, aortic stenosis, atrioventricular septal defects, and tricuspid atresia. The effect of inverting the gray scale on the rendered images can be summarized as follows ( Figure 2 ): (1) the atrial and ventricular chambers were visualized as echogenic structures; (2) the contour of the chambers was sharply delineated when compared with the corresponding 2D images; and (3) the interventricular septum, interatrial septum, and mitral and tricuspid valves were distinctly displayed as anechoic structures. Figure 4 shows a comparison between 2D imaging and thick-slice volume rendering of the 4-chamber view with the inversion mode in 3 cases of VSDs at 26, 29, and 25 weeks. The VSDs displayed in Figure 4 , A and B, were detected in the prenatal period, whereas the VSD in Figure  5C was not diagnosed on the basis of either 2D or 4D multiplanar imaging at 25 weeks. In this case, an omphalocele and extreme deviation of the heart axis to the left were observed. However, the 4-chamber view and outflow tracts were difficult to image because of fetal position and maternal body habitus. A muscular VSD and coarctation of the aorta were detected after delivery by neonatal echocardiography. Retrospective review of the volume data set using the inversion mode revealed the VSD, which was still difficult to visualize in the corresponding 2D image. Figure 5 shows thick-slice imaging with the inversion mode in cases of hypoplastic right ventricle. Sharper delineation of an atretic tricuspid valve and VSD in a case of tricuspid atresia ( Figure 5A ) and better visualization of a stenotic tricuspid valve in a case of a hypoplastic right ventricle secondary to pulmonary atresia ( Figure  5B ) were observed in the rendered images when compared with the corresponding 2D images. Figure 6 shows thick-slice imaging with the inversion mode in cases of Ebstein anomaly ( Figure 6A ), double-inlet left ventricle ( Figure  6B ), and double-inlet right ventricle ( Figure 6C ). The rendered images were characterized by sharp delineation of the chamber contours, septa, and valves. 
Four-Dimensional Reconstruction of the Outflow Tracts in the Inversion Mode
Rendered images of the outflow tracts in cases of coarctation of the aorta, pulmonary stenosis, pulmonary atresia, double-outlet right ventricle, and transposition of the great arteries were compared with a normal case. Representative images of each case are presented in Figure 7 . Threedimensional reconstruction of the outflow tracts allows the examiner to understand the spatial relationships between the outflow tracts as well as the connections between the arteries and the ventricular chambers. A comparison between reconstruction of the outflow tracts in the inversion mode or B-flow imaging is presented in Figure 8 . Fewer speckle artifacts and clearer delineation of the great arteries were observed with B-flow imaging (Videos 2 and 3).
Discussion
Prenatal diagnosis of congenital heart disease represents a major challenge to obstetric sonographers because detection rates for congenital cardiac anomalies in population-based studies range from only 4% to 35%. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Detection rates are generally higher in specialized centers, and operator skill has been proposed to be an important contributor in determining the rate of accurate prenatal diagnosis. [26] [27] [28] Indeed, a recent study of 29,026 pregnancies demonstrated that 2 years of training are needed for a sonographer to become proficient in consistently imaging the 4-chamber view and the outflow tracts of the fetal heart. 28 Improving the detection rates of congenital heart disease, especially transposition of the great arteries, hypoplastic left heart, and coarctation of the aorta, is a desirable goal of prenatal care. [29] [30] [31] Three-and 4-dimensional ultrasonography may play an important role in reducing the dependency on operator skills. Indeed, Viñals et al 2 reported visualization rates of greater than 90% for all cardiac structures using STIC. Our group has been interested in a series of techniques to image the outflow tracts systematically.
3,4,7-10 By using multiplanar slicing, we have shown that images of the left and right outflow tracts of good quality could be consistently obtained by different operators. 10 In addition, 3D and 4D reconstruction of the outflow tracts with demonstration of the spatial relationships between the aorta and the pulmonary artery in a single image is possible with the use of color or power Doppler surface rendering 4, 5 or the minimum projection mode. 8 Recently, DeVore et al 6 suggested using the "spin" technique in multiplanar images to examine the relationships of cardiac structures of interest with adjacent structures. The inversion mode has been proposed as a technique capable of producing digital casts of the aortic and ductal arches. 9 In this study, we suggest incorporating this application of the inversion mode into prenatal diagnosis of congenital heart disease. Thick-slice rendering of the 4-chamber view with the inversion mode led to improved definition of the cardiac chambers and atrioventricular valves when compared with the corresponding 2D images. This feature may be useful in the detection of VSDs, especially in cases in which the original 2D images are of poor quality. For example, a muscular VSD that was not diagnosed prenatally by 2D and 4D multiplanar imaging at 25 weeks ( Figure 4C ) was easier to identify retrospectively with the use of the inversion mode. This specific case was associated with an omphalocele and extreme deviation of the fetal heart axis, and the heart was difficult to image because of the suboptimal fetal position and maternal body habitus. Despite these initial promising observations, the examiner is advised to exercise caution in the interpretation of VSDs using the inversion mode because it may not be possible to differentiate a true VSD from an echo dropout along the septum with this technique alone. When a VSD is suspected in the inversion mode, the examiner should consider the use of adjunctive imaging modalities, such as color Doppler ultrasonography, to confirm the diagnosis.
In this study, we showed that 4D reconstruction of the outflow tracts using either inversion mode or B-flow imaging produces images analogous to those obtained postmortem by injecting silicone rubber to create casts of the cardiovascular cavities. 12, 13 It has been shown that postmortem casts aid in the interpretation of morphologic relationships, conceptualization of paths of flow, and evaluation of stenosis. 12 This technique has been used by pathologists to enhance the visualization of chamber morphologic characteristics, relative volumes, vascular constrictions, and distortions in cases of congenital heart disease. 12 Digital casts created with inversion mode or B-flow imaging allowed visualization of the relationships, size, and course of the outflow tracts in several cardiac anomalies (coarctation of the aorta, pulmonary stenosis, pulmonary atresia, double-outlet right ventricle, and transposition of the great arteries). This modality may help the examiner to better understand the spatial relationships between the vessels in cases of congenital heart disease. In addition, the combination of inversion mode and B-flow imaging may facilitate the explanation of the cardiac anomalies to the parents, especially when these malformations are complex. Because the technology for reconstructing the outflow tracts of the fetal heart by 4D ultrasonography using either inversion mode or B-flow imaging is relatively new, some degree of training will be required before introducing these methods in clinical practice.
One of the limitations of this study was that the examiner had knowledge of the final diagnosis before reconstructing the volume data sets using inversion mode or B-flow imaging. Another limitation was that we did not have enough examples of cardiovascular anomalies with a confirmed postnatal outcome to compare 3D reconstructions produced by inversion mode or B-flow imaging. Although both techniques are capable of producing digital casts of cardiovascular cavities and blood vessels, B-flow imaging may be able to provide better border definition and fewer artifacts than the inversion mode. B-flow technology digitally enhances signals from weak blood reflectors from vessels and, at the same time, suppresses strong signals from surrounding tissues. 32, 33 Because this technology does not rely on Doppler methods to display blood flow, it is angle independent and does not interfere with the frame rate. 32, 34, 35 This is potentially advantageous over color or power Doppler imaging when used in conjunction with STIC for 4D evaluation of the cardiovascular system. In our review of the literature, we found one study that reported the use of B-flow imaging for visualization of the umbilical cord in a fetus and the cerebral vasculature in a neonate.
36 B-flow imaging was able to distinguish the bilateral anterior cerebral arteries as 2 parallel vessels, a feature that had not been reported previously with the use of color or power Doppler imaging. Future studies of congenital cardiac anomalies involving the outflow tracts should compare the performance of these 2 methods in producing digital casts of the fetal heart for prenatal diagnosis of congenital heart disease. Digital Casts of the Fetal Heart on 4D Ultrasonography Figure 7 . Three-dimensional reconstruction of the outflow tracts using the inversion mode. A, Normal outflow tracts at 21 weeks. The aorta (AO) leaves the left ventricle (LV), and the pulmonary artery (PA) leaves the right ventricle (RV); the pulmonary artery crosses in front of the aorta. B, Coarctation of the aorta at 25 weeks: the aorta is considerably narrower than the pulmonary artery. C, Pulmonary stenosis with a VSD at 23 weeks. The pulmonary artery is narrow, and the ductus arteriosus (DA) is tortuous before joining the descending aorta (DAo). D, Pulmonary atresia at 19 weeks: hypoplastic right ventricle. The pulmonary artery is not visualized; the aorta leaves the left ventricle normally. E, Hypoplastic and double-outlet right ventricle (DORV). The pulmonary artery and aorta connect preferentially to the right ventricle, with the pulmonary artery overriding the ventricular septum. F, Transposition of the great arteries at 20 weeks. The pulmonary artery connects to the left ventricle, and the aorta connects to the right ventricle; the vessels leave the ventricles parallel to each other. 
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